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The incidence of preeclampsia is reduced by a third in smokers, but not in snuff users. Soluble
Flt-1 (sFlt-1) and soluble endoglin (sEng) are increased prior to the clinical onset of preeclampsia.
VEGF Animals exposed to high circulating levels of sFlt-1 and sEng elicit severe preeclampsia-like
sFlt-1 symptoms. Smokers have reduced circulating sFlt-1 and cigarette smoke extract decreases
sEng sFIt-1 release from placental villous explants. An anti-inflammatory enzyme, heme oxygenase-1
HO-1 (HO-1) and its metabolite carbon monoxide (CO), inhibit sFit-1 and sEng release. Women with
co preeclampsia exhale less CO than women with normal pregnancies and HO expression decreases
as the severity of preeclampsia increases. In contrast, sFlt-1 levels increase with increasing severity.
More importantly, chorionic villous sampling from women at eleven weeks gestation shows that
HO-1 mRNA expression is decreased in women who go on to develop preeclampsia. Collectively,
these facts provide compelling evidence to support the proposition that the pathogenesis of
preeclampsia is largely due to loss of HO activity. This results in an increase in inflammation
and excessive elevation of the two key anti-angiogenic factors responsible for the clinical signs of
preeclampsia. These findings provide strong evidence for a protective role of HO-1 in pregnancy
and identify HO as a target for the treatment of preeclampsia. The cardiovascular drugs, statins,
stimulate HO-1 expression and inhibit sFlt-1 release in vivo and in vitro, thus, they have the
potential to ameliorate early onset preeclampsia. The StAmP trial is underway to address this
and if positive, its outcome will lead to the very first therapeutic intervention to prolong affected
pregnancies.

© 2011 Elsevier Ltd. All rights reserved.

Introduction of preeclampsia and presents the scientific basis of therapies for
preeclampsia.

The ancient civilisations of China, Egypt and India had all Preeclampsia is characterised by widespread endothelial damage,

documented the signs of eclampsia, the extreme consequence
of unmanaged preeclampsia. The two key signs of preeclampsia,
proteinurea and hypertension seen in the third trimester, were
finally discovered during the mid to late nineteen-century. During
this period the recognition grew that delivery resolved the
shocking spectre of convulsions in pregnancy. Even today, the
only effective therapy is delivery of the baby and the placenta.
Early delivery often has serious consequences for the health of
the baby, especially before 32 weeks gestation, whereas watchful
waiting often employed to allow for fetal lung maturity, in utero,
increases maternal risks. This review outlines a new mechanism
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which leads to proteinurea and hypertension. The loss of endothelial
nitric oxide synthase (eNOS) activity promotes endothelial
dysfunction due to the "uncoupling" of eNOS resulting in the
production of superoxide instead of nitric oxide (NO)[1]. Vascular
endothelial growth factor (VEGF) is critical for homeostasis[2] and
activates both VEGF receptor-1 (VEGFR-1) and VEGFR-2 to stimulate
NO required for angiogenesis[3]. Indeed, one of the beneficial
effects of statins in the prevention of cardiovascular events is
their ability to enhance endothelial function by increasing eNOS
expression and activity [4]. However, statins are contraindicated in
pregnancy because of their potential teratogenic effects and until
recently there were no strong scientific rationale for their use.

Have the culprits been identified?

The argument first articulated that preeclampsia may arise due to
loss of VEGF activity and by the possible elevation of soluble Flt-1
(sFlt-1)[5] gained momentum when it was shown that adenoviral
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Fig. 1. Vascular dysfunction in preeclampsia: a diagrammatic representation. A functional endothelial monolayer requires VEGF, PLGF and TGFp for normal endothelial function
via activation of nitric oxide (NO). In preeclampsia VEGF protective signal is compromised due to an excess of soluble Flt-1 (sFlt-1), which is compounded by a decrease in

the expression of PIGF and a rise in circulating soluble Eng (SEng).

overexpression of sFlt-1 to pregnant rats mimicked the clinical
manifestations of preeclampsia[6]. This idea received further
support as it became apparent that cancer patients receiving anti-
VEGEF therapy (e.g. Avastin) exhibit preeclampsia-like symptoms[7].
Compelling clinical studies showed that serum levels of sFlt-1
and placenta growth factor (PIGF) gave the highest strength of
association with the clinical manifestation of preeclampsia[8-10].
It is almost certain that the loss of VEGF activity appears to be
responsible for the clinical signs of preeclampsia. Soluble Flt-1
acts as a potent inhibitor of VEGF- and PIGF-mediated biological
activities by sequestering these ligands and by preventing ligand-
receptor dimerisation with full-length VEGF receptors (Fig. 1). It
has been proposed that reducing the circulating levels of free
sFIt-1 below a certain threshold in women with preeclampsia could
alleviate the clinical signs of the condition[11], as below a critical
threshold, sFlt-1 fails to induce hypertension or proteinurea in
mice [12]. Indeed, women with fetal growth-restriction can have
elevated sFlt-1 levels without hypertension or proteinurea[13].

Dysregulation of another homeostatic factor has also been re-
ported. Transforming growth factor (TGF)-f is an anti-inflammatory
growth factor[14] that activates eNOS[15]. Neutralisation of
TGF-$ leads to endothelial dysfunction characterised by impaired
endothelium-mediated vasodilatation and elevated expression of
surface adhesion molecules, resulting in increased leukocyte
adhesion [16]. Proteolytic cleavage of the extracellular domain of
endoglin, a transmembrane co-receptor for TGF-$1 and TGF-83,
generates soluble endoglin (sEng) that functions to limit the
activity of TGF-f signalling and eNOS|[17,18] (Fig. 1). sEng acts
synergistically with sFlt-1 to induce endothelial dysfunction and
HELLP syndrome in pregnant rats[15]. sEng is elevated in the
serum of preeclamptic women many weeks prior to the clinical
onset of the disease[9]. Increase in circulating sEng has direct
negative effects on endothelial health in vivo[16] and reduces the
number of regulatory T cells observed in the systemic circulation
of preeclamptic women [19]. Little is known about the molecular
mechanisms regulating sEng release except that cytokines[20] and
AT, receptor autoantibodies[21] increase both sFlt-1 and sEng and
that the stress-responsive heme oxygenase-1 (HO-1) inhibits their
release.

New mechanisms of preeclampsia

Smoking during pregnancy is highly associated with spontaneous
abortion; stillbirth, preterm labor, fetal growth restriction and
placental abruption, but the incidence of preeclampsia is reduced
by a third in smokers[22], compared to snuff (smokeless tobacco)
users[23]. This indicates that it is a combustible product of
tobacco that confers the protection. Carbon monoxide (CO) is
generated endogenously in cells by the catalytic breakdown of
free heme by the enzyme hemeoxygenases (HO). The stress-
responsive HO-1 isozyme confers cytoprotection against tissue
and cellular injury[24-26] and is protective against ischemia-
reperfusion injury[27-30]. Ahmed et al. demonstrated that the
loss of HO activity promoted placental damage induced by TNFa,
which could be prevented by increasing HO activity by hemin [31]
(Fig. 2). This led them to the proposal that a lack of HO/CO
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Fig. 2. The loss of HO activity promotes TNFo-induced placental damage. Villous
fragments were incubated with either vehicle (C), hemin (activator of HO), SnPP
(inhibitor of HO), and TNFa (50 ng/ml) alone or TNFa added after 2 hours pre-
incubation with hemin or SnPP. In the presence of SnPP, the protective effect of
hemin on TNFa-induced damage was totally abolished. The cytotoxicity index is
expressed as a percentage ratio of lactate dehydrogenase (LD) leakage into media
| LD in tissue (LDm/LDt). Data represents the mean (+sem) of eight separated
experiments performed in duplicate.
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Fig. 3. A new model of endothelial dysfunction in preeclampsia. There is increasing
evidence to support that it is the loss of HO/CO activity, which leads to exacerbated
inflammation as well as the loss of nitric oxide (NO) bioavailability that give rise to
the preeclamptic phenotype.

activity predisposes women during pregnancy to preeclampsia
and that it was the HO/CO pathway that was responsible for
resolution of the inflammation associated with pregnancy. All
diseases have an inflammatory component and preeclampsia is
no exception. However, it is not increased in inflammation per se
that causes preeclampsia, but rather the loss of HO/CO activity,
which leads to exacerbated inflammation (Fig. 3). Smokers are
known to have reduced circulating sFlt-1 and increased placental
growth factor[9]. Cigarette smoke extract induces HO-1 expression
in trophoblasts[32] and decreases sFlt-1 release from placental
villous explants without altering placental apoptotic status[33].
CO treatment has been shown to enhance HO-1 expression [34]
and HO-1 mRNA is decreased in the blood of preeclamptic
women at term [35]. Furthermore, women with preeclampsia have
significantly decreased CO concentrations in their exhaled breath
compared to those with healthy pregnancies indicating a decreased
HO activity [36,37].

The hypothesis that HO-1 mediated CO release protects against
preeclampsia is strengthen by mounting evidence that this stress
response gene and its gaseous product confer protection during
pregnancy [20,21,31,38]. The most compelling evidence for this
theory comes from a recent study using fetal placental cells
(chorionic villous sampling, CVS) from women at 11 weeks
gestation. Farina and colleagues showed that the expression of
HO-1 mRNA decreased in CVS from women who went on to
develop preeclampsia[39]. This data opens up the possibility
that this very early decrease in HO-1 could lead, at least in
part, to the elevated anti-angiogenic factors seen in preeclamptic
women later in pregnancy. Indeed, both CO and over-expression of
HO-1 inhibit the production of sFlt-1 and sEng[20]. Furthermore,
HO-1 null mice have systemic endothelial damage and greatly
elevated circulating sEng[20]. A recent publication showed that
the angiotensin receptor agonistic auto-antibody stimulates sEng
in vivo by upregulation of TNF-0. and this upregulation can be
prevented by induction of HO-1 using hemin[21]. The HO enzyme
system generates three molecules (Biliverdin, Fe?* and CO), which
are unique in that they all have biological activity. Biliverdin is an
antioxidant, which is rapidly reduced by biliverdin reductase to
bilirubin, another potent antioxidant. The interactive role of these
in preeclampsia still needs to be evaluated.

New intervention

A cheap, effective and safe therapy for prevention of preeclampsia
complications is urgently needed. Low-dose aspirin is the only
prophylactic therapy for primary prevention, but only mildly
reduces the risk of future preeclampsia in high-risk women [40].
Agents capable of substituting for the deficiency or inducing the
activity of the HO system and/or reducing the elevated sFlt-1/sEng
may have therapeutic potential for alleviating the severity of
preeclampsia and in turn prolong pregnancy in early-onset disease,
so reducing the complication burden for both mother and neonate.

Although statins are contraindicated in pregnancy, a recent
observational study on the use of statins in the first trimester
of pregnancy looked at 288 women and found no adverse
effects[41]. Statins inhibit cytokine-mediated release of sFlt-1 in
cultured placental explants[20] and also the level of this anti-
angiogenic factor in pregnant mice (unpublished data). Statins
have anti-inflammatory properties and increase activity of the
thioredoxin [42], SOD [43] and glutathione peroxidase [44] systems.
Statins also improve factors that are compromised in preeclampsia
such as NO bioavailability, VEGF and endothelial progenitor
cells [20,45]. The world’s first randomised placebo-controlled trial,
StAmP (Statins to Ameliorate Early Onset Pre-eclampsia) for the use
of statins in early-onset preeclampsia is underway and its outcome
will inform obstetricians whether use of statins in preeclampsia is
viable.

Women destined to develop early onset preeclampsia could be
offered preventative statin or CO therapy. It may be necessary to
give statins and CO as a combination therapy for the best outcome;
this is something that can only be evaluated after the StAmP trial.

This review has outlined the evidence supporting the notion that
activation of the heme oxygenase/CO pathway by statins could lead
to alleviation of the signs of preeclampsia and to prolongation of
affected pregnancies. This would seriously improve outcomes for
mothers and babies globally and reduce the lifelong negative health
impacts of preeclampsia. If StAmP is successful, the dawn of an
era of cheap, widely available therapy against preeclampsia may
occur that could reduce worldwide maternal and infant mortality
associated with preeclampsia.
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